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Abstract 
Novel Synthetic Routes to 
High-Quality II-VI Colloidal Nanocrystals: 
Controlled Growth Using Mild Precursors 
in the Presence of Selected Ligands 
 
by 
 
Nathan E. Stott 
 
Dissertation Submitted to the Department of Chemistry on September 2, 2004 
in Partial Fulfillment of the Requirements for the Degree of Doctor of Philosophy in Chemistry 
 
 
ABSTRACT 
 
Nanometer-sized colloidal quantum dots, or nanocrystals, are of current scientific interest 
based on their mesoscopic properties as an intermediate state between molecular and bulk mate-
rials.  Particles sizes of semiconductor materials smaller than the Bohr exciton radius result in a 
quantum confinement effect that allows the optical properties to be tuned within the band ener-
gies of the bulk material such that smaller sizes lead to higher energy transitions at the band edge.  
The small sizes and tunable monochromatic emission properties make these nanocrystals desir-
able for a variety of applications, both realized and sought after.  Research to further the exploi-
tation of quantum dots includes such applications as biological fluorescence tracer tags and im-
aging agents, high resolution displays, light emitting diodes (LEDs), low bandwidth lasers, 
photovoltaic solar cells, and future “nanoelectronics.” 
The thesis of this dissertation is that high-quality II-VI colloidal nanocrystals, CdSe and 
(CdSe)ZnS in particular, can be synthesized using mild precursors, exerting fine control though 
the proper selection of ligands.  Chapters 2 and 3 show that extremely high-quality CdSe 
nanocrystals can be synthesized using mild precursors such as Cd(acac)2 and Cd(OH)2 while 
achieving higher quantum efficiencies, higher reaction yields, smaller size-distributions, and 
with finer control over the final size in comparison to previous methods.  In addition to the batch 
synthesis, Chapter 3 shows the development of a microfluidic flow reactor using a mixed high-
boiling STP liquid solvent.  It is found that the temperature, flow rate, and precursor ratios are 
parameters that can be used to control the size and size-distributions of the final products.  The 
CdSe cores are overcoated with ZnS from Zn(acac)2 to form highly stable and highly lumines-
cent (core)shell colloids in Chapter 4.  Chapter 5 develops qualitative arguments based on the 
Drago-Wayland extension of Hard-Soft Acid-Base Theory to describe the actions of surfactant 
ligands in the growth solution.  It is shown that crystal growth inhibitors can be used to finely 
control nanocrystal growth, and the precursor-to-inhibitor ratio is fundamental to the final size. 
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Chapter 1:  Introduction 
 
1.1 The Rise of the Machines:  Nanoscience and Nanotechnology 
The term “nanotechnology” was first coined in 1974 by Norio Taniguchi in reference to 
precision machining with tolerances of a micron or less.(1)  However, the public was awakened to 
this word and concept in 1986 by MIT alumnus Dr. K. Eric Drexler of the Foresight Institute 
when he hypothesized a future era where molecular machines will be employed to efficiently 
heal, compute, build, and destroy.(2)  These ideas have even found their way into modern science 
fiction, such as the Borg nanoprobes of Star Trek.(3) 
Most in the scientific community today consider the molecular machines of Dr. Drexler 
to be exactly that:  science fiction.  Professor George M. Whitesides of Harvard University, one 
of the leading pioneers in the field, is a strong proponent of spontaneous self-assembly;(4-6) how-
ever, he believes that molecular assembler machines are unfeasible or at best will not be attain-
able until the far future.  Furthermore, he believes that nanotechnology is currently more a word 
rather than a field since it has not as of yet resulted any important applications to revolutionarily 
change human life or create monetarily successful enterprises.(7)  “Nanoscience,” or the study of 
the phenomena that become apparent when entering into the nanoscale regime, is more pertinent 
today, and such scientific knowledge and understanding is likely to lead to the emergence of ex-
citing nanotechnologies in the future.(8) 
Novel Synthetic Routes to High-Quality II-VI Colloidal Nanocrystals 18 
The ideas of Dr. Drexler for molecular machines originated from the concepts he pre-
sented on the molecular engineering of complex bio-molecular probes from the bio-structural 
equivalences of existing macrotechnology.(9)  The best example of molecular motors found in 
nature are the family of enzymes associated with adenosine-5’-triphosphate (ATP), the molecule 
responsible for energy storage in humans.(10-13)  Along these lines, he has proposed the develop-
ment of molecular machines by mimicking those found in nature.(14-16)  It might be a long time 
before humans are capable of creating molecular machines, but recent progress in the develop-
ment of molecular motors out of concentric carbon nanotubes is showing promise.(17) 
Nanoscience and nanotechnology are relatively novel concepts, but the inspiration for 
molecular engineering actually originated from a talk given in 1959 by Professor Richard P. 
Feynman in which he proposed the feasibility of printing the entire twenty-four volumes of the 
Encyclopedia Britannica on the head of a pin such that they could be read with modern electron 
microscopes.(18)  Much of the nanotechnology revolution of the past two decades has been 
largely built upon nanometer-sized materials such as Buckminsterfullerene,(19,20) carbon nano-
tubes,(21,22) and quantum dots (QDs).(23-26)  However, colloidal gold nanocluster sols were first 
reported in 1857 by Professor Michael Faraday,(27) and Professor Richard A. Zsigmondy showed 
a method in 1917 to grow larger gold nanoclusters by seeding the reactions with gold nuclei from 
the procedure of Professor Faraday.(28)  The work of Professor Victor K. LaMer reported in 1950 
on the synthesis of colloidal sulfur nanoparticles provided theories of nucleation and growth that 
are still used today to describe nanocluster syntheses.(29)  Thus, nanoscience and nanotechnology 
may be novel with regards to the mesoscopic properties studied and exploited; however, many of 
the underlying fundamental theories, materials, and applications have been developed over the 
course of a century and a half. 
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1.2 Fundamental Properties of Quantum Dots 
1.2.1 Mesoscopicity and Quantum Confinement:  Cadmium Selenide 
The electronic valence and conduction band structure of a given bulk semiconductor re-
sults from the combination of the molecular orbitals of the most basic unit of the condensed ma-
terial.  In the case of cadmium selenide (CdSe), the molecular orbitals are formed from the 5s 
atomic orbitals of cadmium (Cd) and the 4p atomic orbitals of selenium (Se) with the valence 
band having greater Se 4p character and the conduction band having greater Cd 5s character 
from the orbital combinations.  CdSe is a II-VI semiconductor with a direct band gap of about 
713nm (1.74eV) under ambient conditions (Figure 1.1).  The most common crystalline allotrope 
of CdSe is Wurtzite, which is a hexagonal close-packed (HCP) crystal structure. 
Quantum dots (QDs) become expressed when the size of the structure is decreased to par-
ticle sizes smaller than the Bohr exciton radius of the given bulk semiconductor material, which 
is about 5.4nm for CdSe, such that it exhibits confinement of both the electron and hole in all 
three dimensions to form a “zero-dimensional” material.(30-35)  The shape of CdSe QDs is slightly 
prolate due to the unique c-axis that results from the Wurtzite crystal structure,(36) and such a 
mesoscopic, or intermediate, state of matter in general yields properties that are in between those 
of the bulk material and the molecular form.(37)  Quantum confinement within the boundaries of 
the nanocrystal causes the formation of discrete atomic-like energy states such that QDs may be 
thought of as “superatoms” (Figure 1.2).(38,39)  The highest discreet energy resulting within the 
valence band of the bulk comprises the highest occupied molecular orbital (HOMO) and the 
lowest discreet energy resulting within the conduction band of the bulk comprises the lowest un-
occupied molecular orbital (LUMO) of the QD (Figure 1.3).  As the size of the QD becomes 
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Figure 1.1:  Schematic of the band structure of bulk CdSe from Mirna Jarosz, “The Physics and 
Chemistry of Transport in CdSe Quantum Dot Solids,” Ph.D. Dissertation, Chemistry; Massa-
chusetts Institute of Technology: Cambridge, MA; 2004. 
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Figure 1.2:  (a) Schematic approximating the energy levels in a CdSe quantum dot.  The fine 
structure is not taken into account.  Not drawn to scale.  (b)  Absorption spectrum of CdSe quan-
tum dots; A, B, and C correspond to the transitions indicated in (a).  Figure reproduced from 
Mirna Jarosz, “The Physics and Chemistry of Transport in CdSe Quantum Dot Solids,” Ph.D. 
Dissertation, Chemistry; Massachusetts Institute of Technology: Cambridge, MA; 2004. 
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Figure 1.3:  Schematic showing the relative energetic effects of quantum confinement when re-
ducing the size of the bulk material smaller than the corresponding Bohr exciton radius. 
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smaller, the energy of the band-edge luminescence shifts to bluer wavelengths as HOMO-LUMO 
gap increases due to fewer energy states in the band continuum being in resonance with the 
shrinking material space.  This behavior as well as the electronic structure of prolate QDs can be 
modeled according to a particle in a slightly prolate spheroidal, or ellipsoidal, box but is often 
approximated by a simple spherical box.(40-42) 
 
1.2.2 Optoelectronic Properties:  Science and Technology 
The optoelectronic properties of CdSe QDs ensuing from quantum size effects are of cur-
rent scientific interest with research focused on the fundamental physical properties of the 
mesoscopic states of materials.  The general absorption and emission properties of CdSe QDs 
have been studied extensively(43-47) as well as the photoconductivity of QD films.(31,48-50)  More 
recent spectroscopic studies have discovered that single QDs display fluorescence intermittency, 
or “blinking,” and the statistics of this behavior follows a power law.(51-57)  Other studies have 
revealed bimolecular charge carrier recombination dynamics in QD close packed films(58) and 
single-exponential decays in the photoluminescence dynamics of QD ensembles.(59) 
Much effort is focused on exploiting these materials for technological applications.  The 
emissive properties of QDs are both narrow in accordance to the monodispersity of the size-
distribution of a given sample and tunable through variation of size, CdSe QDs spanning 
throughout the visible spectrum.  Furthermore, these inorganic crystals are more robust than or-
ganic laser dyes, making them more stabile towards photo-bleaching.(60)  Such characteristics 
make QDs ideal chromophores for use as novel biological tracer tags and imaging agents.(60-65) 
Colloidal QDs are ideal for facile and cost-effective production, manipulation, and incor-
poration into a variety of electronic device structures.  Full visible color QD-polymer composites 
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have been made for display applications,(66) electroluminescent light-emitting device-
architectures have been successfully engineered for the production of light-emitting diodes 
(LEDs),(67-73) and QDs have been incorporated into optical gain media to form QD-lasers.(74-77)  
One other exciting development has been the incorporation of QD-conducting polymer compos-
ites into photovoltaic solar cells towards the development of clean energy sources.(78-81) 
Quantum dots will also be the basis for future non-optical “nanoelectronic” devices that 
will increase computational speed as well as memory and storage densities.(82-85)  Current re-
search and progress in this field has been towards the development of novel memory storage,(86-
92)  single electron transistors,(93-96)  and quantum computing with “q-bits” (or “qubits”).(97-100)  
Much, although not all, of this research has been accomplished using non-colloidal QDs, but in-
tegrating such systems with colloidal QDs will, as in the case of optoelectronic devices, lower 
production costs and increase the facility of structural design and manipulation.  Electronic cir-
cuits can be manufactured from colloidal QDs though self-assembly,(101-103) liquid emboss-
ing,(104,105)  and ink-jet printing.(106,107) 
 
 
1.3 Review of Methods for the Preparation of II-VI Quantum Dots 
QDs can be prepared through a variety of methods, and these methods have an important 
impact on the quality and possible applications of the resultant products.  Some of the desirable 
qualities for a process are high reaction yield and finely reproducible tunability.  High monodis-
persity of size-distributions, high quantum efficiency, high reaction yields, and facile proc-
essability are desirable qualities for the QD products.  Additionally, while not discussed explic-
itly here, methods for the control of structural morphology have been developed to allow for the 
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synthesis of a variety of shapes,(108-114) specifically including nanorods(115,116) and 
nanotetrapods.(117) 
 
1.3.1 Formation in Glasses 
Over the past few centuries, glass workers have unwittingly created dilute concentrations 
of II-VI QDs encased within the glass matrix by adding zinc, cadmium, selenium, and sulfur pre-
cursors to the melts, thereby producing a variety of yellow, orange, and red hues.  QDs produced 
this way tend to have large size-distributions, but more controlled procedures were developed 
with the specific intent of creating higher quality QDs. 
Ekimov and Onushchenko discovered that heating glass supersaturated with copper chlo-
ride resulted in the formation of CuCl QDs doped in the silicate glass.(118,119)  They later ex-
panded this method to include the formation of CuBr, CdS, and CdSe QDs.(120)  The general pro-
cedure begins with dissolving precursor salts into the melt at about 1450°C, followed by rapid 
cooling to below 400°C to produce clear silicate glasses.  The glasses are then reheated from 400 
to 1000°C in order to facilitate the growth and annealing of the QDs within the molten glass me-
dium.  The growth is finally quenched by lowering the temperature to below 400°C. 
The size of the particles formed depends on the concentration of precursors, the tempera-
ture of the melt, and the time spent at elevated temperature.  QDs ranging from about 2 to 20nm 
in diameter with about a 10% deviation are possible through careful control of these parameters.  
QDs formed by this method are highly crystalline due to the high crystallization temperatures 
and are well protected by the glass matrix; however, QDs encased in glass are not versatile to-
wards manipulation and application. 
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1.3.2 Formation of Islands in Bulk Materials 
Epitaxial films of semiconductor materials can be growth using molecular and chemical 
beam methods, and these methods are used to create QD islands embedded within other bulk 
semiconductor films, typically using all III-V materials.(26)  These QD islands are formed by 
strain-induced growth from lattice mismatch of the QD material with the substrate material such 
that the growth changes from within the plane to out of the plane after a few monolayers have 
been deposited.  The islands are then covered by growing more layers of the substrate material 
on top.  This strain-induced growth mechanism is also called the Stranski-Krastanow growth 
mechanism, and the resultant islands are often referred to as SK dots.  QDs produced by this 
method have good surface passivation through being embedded into another, typically larger 
band gap material; however, as with the glass-encased QDs, SK dots are not versatile with re-
gards to manipulation. 
 
1.3.3 Synthesis from Salts in Aqueous Solutions 
The synthesis of II-VI colloidal QDs, or nanocrystals, in aqueous media is possible at 
room temperature through the uncontrolled precipitation of salt precursors.(23)  The uncontrolled 
growth at low temperature and the lack of surface passivation results in poor crystallinity and 
surface characteristics for these QDs such that they have low quantum efficiencies, agglomerate 
easily, and are not as versatile for introduction into diverse media. 
Latter aqueous syntheses were developed to allow increased control over the growth and 
stability of the colloidal particles through the introduction of polymeric stabilizers such as hexa-
metaphosphate.(121-123)  In this case, hydrogen chalcogenide gases were introduced to an aqueous 
solution of a given group II metal salt and the stabilizer to produce stable dispersions of small 
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colloids.  The low temperature of the synthesis and the presence of water tend to lower the quan-
tum efficiencies of colloidal nanocrystals produced this way.  However, it was discovered that 
the quantum efficiencies of CdS nanocrystals could be increased to greater than 50% though ac-
tivation of the surface with cadmium hydroxide to form a Cd(OH)2 passivation layer.(124) 
Colloidal nanocrystals can also be synthesized by adapting these methods to solid tem-
plates like polymer resins(125) or zeolites.(126)  The advantages to using such template methods is 
increased control over size-dispersions from formation of particles within the rigid pores of the 
host substrate; however, this comes at the expense of nanocrystals being trapped within the host 
solid, resulting in poorly resolved optical properties and limited manipulability of the particles. 
 
1.3.4 Biosynthesis 
Colloidal nanocrystals are also produced through natural processes.  In 1989, it was dis-
covered that relatively monodisperse CdS nanocrystals coated with peptides form in certain 
yeasts when cadmium metal salts are introduced to the cultures.(127,128)  Apparently, these yeasts 
chelate and sequester the cadmium ions to form nanoclusters as a method of intracellular detoxi-
fication.  The nucleation and growth of the nanocrystals is controlled such that particles with 
2nm diameters form with smaller size-distributions than were possible using synthetic chemical 
methods at the time of the discovery.  The morphology of the CdS nanocrystals is the rock-salt 
crystal structure rather than the Wurtzite or cubic structures more typical to CdS. 
Following after nature, researchers have developed biomimetic methods to make colloi-
dal nanocrystals.  In one method, ferritin-coated CdS nanoparticles are formed by the reaction of 
stoichiometric amounts of Cd2+ and HS- within de-aerated buffered solutions of apoferritin.(129)  
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In addition to II-VI materials, other biomimetic procedures exist for the formation of iron ox-
ide(130) and noble metal(131) nanoclusters. 
 
1.3.5 Formation in Inverse Micelles 
The transition from synthesis in aqueous solutions to inverse micelles was an important 
advance to increase the stability and manipulability of colloidal nanocrystals by allowing sur-
face-ligand exchange in post-growth treatments.(24,132)  Inverse micelles with hydrophilic interi-
ors and hydrophobic exteriors are spontaneously formed in this method by adding surfactants to 
an alkane solvent with traces of water, and they become micro-reactor vesicles for the formation 
of the nanocrystals.  The size of the inverse micelles can be controlled by the ratio of surfactants 
to water, and this offers a small degree of control for the size of the resulting nanocrystals.  This 
control results not because the size of the inverse micelle physically restricts the size of the parti-
cles but rather because the spatial distribution, or local concentration, of precursors becomes 
regulated. 
In a typical preparation, metal salts of cadmium or zinc are introduced to the solvent and 
become dissolved into the water centers of the inverse micelles.  After this, organically soluble 
chalcogenides are rapidly injected into the vessel to form the nuclei of the II-VI nanoparticles 
followed by diffusion-limited growth through the inverse micellular interfaces.  The surfactants 
in the mixture coordinate to the surfaces of the particles to sterically stabilize the colloidal dis-
persions, and aryl thiols or selenols are added to form an organic ligand shell around the fully 
grown nanoparticles.  The nanocrystals can be precipitation through the addition of pyridine and 
then redispersed into a variety of organic solvents, such as toluene or chloroform. 
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Colloidal II-VI nanoparticles produced this way tend to exhibit size-distributions be-
tween 15 to 20%, and the resultant particle sizes are not precisely tunable.  Furthermore, the 
crystal structure of these particles is poor due to the low temperature during formation, leading to 
low quantum efficiencies. 
 
1.3.6 Organometallic Pyrolysis in Coordinating Solvents 
A great leap forward was made in the synthesis of high quality II-VI colloidal nanocrys-
tals when Murray, Norris, and Bawendi introduced their method using the high-temperature py-
rolysis of organomatallic precursors in coordinating solvents.(25)  Based on the seminal colloidal 
work of LaMer,(29) a temporally discrete nucleation is followed by focused growth and eventu-
ally slower growth through Ostwald ripening. 
Specifically, dimethylcadmium and tri-n-octylphosphine selenide (TOPSe) are dissolved 
into tri-n-octylphosphine (TOP) and then rapidly injected into a vessel of tri-n-octylphosphine 
oxide (TOPO) stirring between 300 and 350°C.  The precursors decompose immediately to form 
the nanocrystalline nuclei followed by slower growth after the temperature drops from injection 
of the room temperature precursor solution.  Growth temperatures are typically maintained be-
tween 280 to 310°C until the desired size of nanocrystals has been obtained as determined from 
the optical spectra of growth solution aliquots.  Growth is stopped by allowing the temperature to 
drop to below 100°C. 
The colloidal dispersions of nanocrystals are processed by a small addition of n-butanol 
as a solvent followed by flocculation of the particles by the addition of methanol as a non-solvent.  
The nanocrystals are then separated by centrifugation and redispersed into an organic solvent 
like hexanes, toluene, or chloroform.  CdSe nanocrystals made using this method have a Wurtz-
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ite crystal structure, diameters ranging from 2 to 15 nm, size-distributions ranging from 10 to 
20% that are reducible to less than 5% through size-selective precipitation, and quantum effi-
ciencies ranging from 5-10%. 
 
1.3.7 Reduction of Salts in Coordinating Solvents 
The controlled growth of high-quality II-VI colloidal nanocrystals from the reduction of 
metal salts is central to the thesis of this dissertation.(133,134)  The obvious advantages of using 
metal salts in place of organomatallic precursors are increased safety and lower expenses.  In ad-
dition to these advantages, it was found that the methods presented in this dissertation result in 
higher quality nanocrystals compared to all previous methods due to increased monodispersity of 
size-distributions without the necessity of size-selective precipitation, dramatic increases in 
quantum efficiencies, a significant increase in the reaction yields of products, and even finer con-
trol over the final size.  These methods will be discussed in greater detail in the following chap-
ters. 
 
 
1.4 Dissertation Overview 
Chapters 2 and 3 show that extremely high-quality CdSe nanocrystals can be synthesized 
using mild precursors such as Cd(acac)2 and Cd(OH)2 while achieving higher quantum efficien-
cies, higher reaction yields, smaller size-distributions, and with finer control over the final size in 
comparison to previous methods.  In addition to the batch synthesis, Chapter 3 shows the devel-
opment of a microfluidic flow reactor using a mixed high-boiling STP liquid solvent.  It is found 
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that the temperature, flow rate, and precursor ratios are parameters that can be used to control the 
size and size-distributions of the final products.  The CdSe cores are overcoated with ZnS from 
Zn(acac)2 to form highly stable and highly luminescent (core)shell colloids in Chapter 4.  Chap-
ter 5 develops qualitative arguments based on the Drago-Wayland extension of Hard-Soft Acid-
Base Theory to describe the actions of surfactant ligands in the growth solution.  It is shown that 
crystal growth inhibitors can be used to finely control nanocrystal growth, and the precursor-to-
inhibitor ratio is fundamental to the final size. 
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Chapter 2: Synthesis of CdSe Nanocrystals from Cd(acac)2 
 
2.1 Introduction 
The preparation of cadmium selenide (CdSe) nanocrystals based on the pyrolysis of or-
ganometallic precursors has been the most widely used.(1,2)  Dimethyl cadmium has been a com-
mon precursor for the growth of CdSe nanocrystals.  This organometallic liquid, however, is py-
rophoric and highly toxic.  Alternative preparations of CdSe nanocrystals that replace the di-
methyl cadmium precursor with cadmium salts or other stable cadmium compounds, and that 
yield nanocrystals of comparable quality, have recently began to appear in the literature.  One 
example uses an in-situ preparation of cadmium monoalkylphosphonates from cadmium oxide 
and monoalkylphosphonic acids.(3,4)  This method produces narrow size-distributions but both 
the quantum efficiencies and reaction yields are low, probably because the excess phosphonic 
acids impede the reaction rate and quench quantum efficiencies with the strong binding of depro-
tonated, anionic ligands to nanocrystal surfaces.   Later modifications to this procedure replaced 
phosphonic acids with milder carboxylic acid ligands, resulting in higher quantum efficiencies, 
but not optimized outside of a narrow color window.(5)  Furthermore, the CdSe cores produced in 
the presence of excess carboxylic acids are difficult to process or overcoat with higher band-gap 
materials, making them less useful towards application. 
In this chapter, a synthesis of CdSe nanocrystals that is based on cadmium acetylaceto-
nate [Cd(acac)2] as the respective precursor is presented.(6)  Cd(acac)2 is a solid powder that is 
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relatively stable to ambient moisture and air.  Thus, Cd(acac)2 is more convenient than dimethyl 
cadmium since it is significantly safer, and largely eliminates the need for a glovebox.  Further-
more, the synthesis of CdSe nanocrystals from Cd(acac)2, in combination with the mixed sol-
vent/ligand system described below, result in narrow size distributions, good crystallinity, high 
quantum efficiencies, and high reaction yields over a broad range of sizes. 
 
 
2.2 Experimental(7) 
2.2.1 General 
All reactions were performed under dry nitrogen or argon atmospheres using standard 
Schlenk techniques.  Tri-n-octylphosphine oxide (TOPO, 90%), cadmium 2,4-pentanedionate 
[Cd(acac)2, 98%], selenium shot (Se, electronic grade, 99.99+%), and dodecanal (DDA) were 
obtained from Alfa.  TOPO (99%), 1-Hexadecylamine (HDA, tech., 90%), and 1,2-
hexadecanediol (HDDO, tech., 90%) were obtained from Aldrich.  Tri-n-octylphosphine (TOP, 
97%) was obtained from Strem.  Oleylamine (98% amine content) was purchased from Pfaltz-
Bauer.  Phosphoric acid, di(2-ethylhexyl) ester [Bis(2-ethylhexyl)phosphate (BEHP, 95%)], was 
obtained from TCI. 
Acrodisc 0.2-µ hydrophobic PTFE syringe filters were obtained from VWR.  TEM grids 
(Ultra-thin Type A, CAT # 01822-F) were obtained from Ted Pella. 
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2.2.2 Synthesis of CdSe 
A standard mixed reaction solvent was prepared by adding 6.25g TOPO [90% without 
BEHP or 97-99% combined with an amount of BEHP that is determined according to the desired 
nanocrystal size (Figure 2.1)], primary amines (5.75g HDA or 8mL Oleylamine), and 3.4mL 
TOP into a reaction vessel.(8)  The mixture was dried and degassed at 140°C and reduced pres-
sure (~100 millitorr) for one to two hours.  The reaction vessel was then purged with inert gas. 
Injection mixtures were prepared by combining appropriate amounts of Cd(acac)2, 
HDDO, and TOP into a 20-mL septum-cap vial.  The mixture was dried and degassed at 100oC 
and reduced pressure (~100 millitorr) in an oil bath for one hour.  After purging with inert gas, 
the mixture was cooled to room temperature and TOPSe stock solution was added.  The rela-
tively viscous mixture was loaded into a syringe.  The Cd(acac)2, HDDO, and TOPSe were in a 
molar ratio of 1:2.2:3 with absolute amounts determined by the size of nanocrystal desired (Fig-
ure 2.1a).  The volume of TOP used was the amount needed to make a total injection solution 
volume of 10mL. 
The reaction solvent temperature was raised to between 360-365°C while stirring.  The 
heating mantle was removed, and the precursor solution was rapidly injected.  Upon injection, 
the nanocrystal growth solution immediately changes from being colorless to a yellow to deep 
crimson color, depending on the size of the nanocrystals formed.  Rapid stirring was maintained 
as the nanocrystal growth solution cooled. 
The growth solution may be cooled to a temperature of 85°C immediately after injection.  
Alternatively, the temperature may be maintained between 200-275°C, using lower temperatures 
for smaller sizes and higher temperatures for larger sizes, until the nanocrystal size distribution 
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Figure 2.1:  (a) Linear fit of the average size, or crystalline volume, of nanocrystals formed by 
varying the amount of cadmium (1:3 Cd:Se) precursor injected into a mixed solvent system of 
90% pure TOPO, HDA, and TOP.  (b) Linear fit of the average size, or crystalline volume, of 
nanocrystals formed by varying the amount of BEHP added to a mixed solvent system of 99% 
pure TOPO, HDA, and TOP while holding the amount of precursors constant (1 mmol Cd, 3 
mmol Se). 
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focuses and growth becomes exceedingly slow.  Growth was typically complete within 15-60 
minutes with larger sizes requiring longer growth times. 
 
2.2.3 Nanocrystal Processing 
CdSe nanocrystal growth solutions may be processed for the removal of excess organics 
and remaining precursors.  5mL of hexanes were mixed into the nanocrystal solution between 
60-100°C.  The solution was allowed to cool to room temperature and then transferred to a cen-
trifuge tube.  The sample was centrifuged, and the colored supernatant was decanted into a new 
centrifuge tube and a white precipitate discarded.  The white precipitate is likely HDA salts and 
excess HDA that are insoluble in hexanes. 
3-5mL of n-butanol were mixed into the supernatant, and, if necessary, more hexanes 
were mixed in until the solution became optically clear.  The nanocrystals in the supernatant 
were flocculated by adding methanol while rapidly stirring.  The samples were centrifuged and 
the colorless supernatants discarded. 
A minimal amount of hexanes were added to disperse the precipitate, followed by an ad-
dition of 3/5 to one equivalent volume of n-butanol.  The sample was then precipitated and centri-
fuged, followed by one more repetition of the precipitation steps.  Samples were stored in a 
minimal amount of hexanes with a few drops of TOP to maintain quantum yields and prevent 
aggregation.  TOP may be omitted if it interferes with the intended use of the nanocrystals.  Di-
luted samples may be passed through a syringe filter to strain out any remaining organic precipi-
tates. 
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2.2.4 Optical Characterization 
Ultraviolet-visible (UV-vis) absorption spectra were acquired with a Hewlett-Packard 
8452 diode array spectrometer.  Photoluminescence emission spectra were acquired with a Spex 
Fluorolog-2 spectrometer using front-face collection.  Spectra were corrected for photo-
multiplier tube (PMT) response and spectral flux of the excitation lamp using an experimentally 
determined correction factor file. 
Aliquots of nanocrystal solutions were diluted in hexanes for absorption and emission 
spectral analyses.  Quantum yields were estimated by comparing the integrated emission intensi-
ties of nanocrystals diluted in hexanes to those of appropriate laser dyes diluted in methanol.(9-13) 
 
2.2.5 Chemical Composition 
Wavelength dispersive X-ray spectroscopy (WDS) was performed using a JEOL JXA-
733 Superprobe scanning electron microscope (SEM) operating at 15kV.  Samples were cap ex-
changed with pyridine and drop-cast to form films on pieces of Si(100) wafers.(14)  Films of 
~100µ thickness were made by drying in a vacuum oven between 80-90°C for 5 or more hours to 
remove pyridine.  A thin amorphous film of carbon was sublimed onto the surface prior to any 
measurements in order to prevent charging. 
 
2.2.6 Imaging 
High-resolution transmission electron microscopy (HRTEM) was performed on a JEOL 
2010 microscope operating at 200kV, using a lanthanum hexaboride cathode.  Nanocrystal sam-
ples used for TEM characterization were precipitated only once from the growth solution and 
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then passed through an Acrodisc 0.2 µ hydrophobic PTFE syringe filter to remove excess organ-
ics while leaving enough surface ligands to prevent aggregation.  Nanocrystal solutions were 
prepared in quartz cuvettes through dilution in hexanes to an optical density of 0.1 for the band-
edge absorption.  TEM samples were prepared by covering the carbon-coated surfaces of the 
TEM grids with 1 to 3 drops from the nanocrystal solutions and then allowing the solvent to 
slowly evaporate. 
 
2.2.7 Structural Characterization 
A wide-angle X-ray scattering (WAXS) pattern was obtained with a Rigaku 180-mm Ro-
taflex diffractometer operating in the Bragg configuration using Kα radiation from an 18 kW 
rotating copper anode.  Data was collected at a 2θ = 0.02o scan interval and 5 second/interval 
scan speed with an acceleration voltage of 60 kV and a 300 mA flux while using 2o scatter and 
divergence slits and a 0.60 mm collection slit.  The nanocrystal sample used for WAXS charac-
terization was precipitated thrice from the growth solution to remove all excess organics and 
passed through an Acrodisc 0.2 µ hydrophobic PTFE syringe filter to remove any precipitated 
organics and nanocrystalline aggregates.  The WAXS sample was prepared by slowly evaporat-
ing a concentrated nanocrystal solution dispersed in 10% octane and 90% hexanes in the trough 
of a quartz power X-ray diffraction sample holder to make a thick, glassy film. 
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2.3 Results 
2.3.1 Synthesis 
This synthetic procedure results in CdSe nanocrystals with narrow size-distributions, high 
crystallinity, high quantum efficiencies, and high reaction yields.  Reaction yields are 85% to 
95% based on the initial amount of cadmium in the precursor solution compared to the amount of 
cadmium determined to be in the nanocrystals from the optical density and absorption cross-
section of the final growth solution at 350nm.(15) 
Figure 2.1a shows experimental data with a linear fit to the average size, or crystalline 
volume, of nanocrystals formed by varying the amount of cadmium precursor (1:3 Cd:Se) in-
jected into a mixed solvent system of 90% pure TOPO, HDA, and TOP. 
Figure 2.1b shows experimental data with a linear fit to the average size, or crystalline 
volume, of nanocrystals formed by varying the amount of BEHP added to a mixed solvent sys-
tem of 99% pure TOPO, HDA, and TOP while holding the amount of precursors constant (1 
mmol Cd, 3 mmol Se).  The size of particles formed has a direct correlation to the amount of 
BEHP added.  When holding the amount of precursors constant, lesser amounts of BEHP result 
in larger particles and greater amounts of BEHP result in smaller particles. 
 
2.3.2 Optical Characterization 
Room temperature absorption and emission spectra of CdSe nanocrystals ranging from 
1.2-6.0nm in diameter are displayed in Figure 2.2.  The absorption spectra show multiple highly
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Figure 2.2:  Room temperature absorption and emission spectra of CdSe nanocrystals ranging 
from 1.2-6.0nm in diameter taken from respective growth solutions without size selection.  1.2-
2.4nm samples display deep-trap luminescence. 
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Figure 2.3:  Size of CdSe nanocrystals from the band edge absorption based on a 5th-order poly-
nomial fit to TEM and SAXS data from Masaru Kenneth Kuno, “Band Edge Spectroscopy of 
CdSe Quantum Dots,” Ph.D. Dissertation, Chemistry; Massachusetts Institute of Technology: 
Cambridge, MA; 1998, 286-287. 
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resolved absorption features, emphasizing the high monodispersity of the samples from the 
growth solution without the necessity of size-selective precipitation.  The narrowness of the size-
distributions is further elucidated by the emission spectra, which reveal that the full width at half 
maxima of the samples range from 0.09-0.11eV (23-31nm, depending on the size).  The 
nanocrystal sizes were determined from the band edge absorption of the given samples based on 
known TEM and SAXS data (Figure 2.3). 
The photoluminescence quantum efficiencies of CdSe nanocrystal emissions range from 
25-70% after correcting for reabsorption.  While high quantum efficiencies are stable for samples 
stored in growth solution, the quantum efficiencies of these core samples are only stable to 25-
35% upon prolonged agitation and manipulation during exposure to ambient conditions.  This 
illustrates the remaining necessity of an inorganic ZnS shell for stable surface passivation. 
 
2.3.3 Chemical Composition 
The elemental profile of CdSe nanocrystals were determined to ±5% uncertainty using 
WDS.  Elemental analysis of ~4.2nm-diameter CdSe nanocrystals gave a Se:Cd ratio of 
0.94:1.00. 
 
2.3.4 Imaging 
HRTEM reveals information about the shape, size, morphology, and interparticle packing 
of nanocrystals into secondary structures.  Figure 2.4 shows an HRTEM of ~5.8nm-diameter 
CdSe nanocrystals that are faceted spheroids and display a two-dimensional hexagonal interpar-
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Figure 2.4:  HRTEM of ~5.8nm diameter CdSe nanocrystals taken at 300k times magnification.  
The upper left-hand corner contains a blowup of a nanocrystal displaying one of the many CdSe 
lattice plane orientations.  The lower right-hand corner contains a blowup of a nanocrystal show-
ing the hexagonal Wurtzite crystal structure of the CdSe (002) orientation.  The sample was pre-
pared without size selection. 
20 nm 
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Figure 2.5:  TEM of ~5.7nm diameter CdSe nanocrystals taken at 100k times magnification. 
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ticle packing pattern.  The upper left-hand corner contains a blowup of a nanocrystal displaying 
one of the many CdSe lattice plane orientations.  The lower right-hand corner contains a blowup 
of a nanocrystal depicting the hexagonal Wurtzite crystal structure of CdSe along the (002) ori-
entation of the lattice.  Figure 2.5 shows a TEM of an array of ~5.7nm-diameter CdSe nanocrys-
tals at 100k times magnification. 
 
2.3.5 Structural Characterization 
WAXS elucidates information about the crystallinity of the particles formed.  Figure 2.6 
displays the powder X-ray pattern of ~6.2nm-diameter CdSe nanocrystals.  The spectrum is con-
sistent with a pattern for particles of this size for reflections with intensities corresponding to a 
mixed pattern of pure Wurtzite CdSe nanocrystals and Wurtzite CdSe nanocrystals with about 
one stacking fault.(1,16)  The size of the particles is small enough that the (100), (002), and (101) 
reflections remain convoluted. 
 
 
2.4 Discussion 
2.4.1 Nanocrystal Growth 
The nanocrystal synthesis described here results in fast growth rates, narrow size-
distributions, and high reaction yields.  If growth is continued at elevated temperatures, size-
distribution broadening via Ostwald ripening occurs quickly due to the low concentration of pre-
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Figure 2.6:  WAXS pattern of ~6.2nm CdSe nanocrystals.  The spectrum is a typical representa-
tion of CdSe particles with a Wurtzite crystal structure. 
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cursors in solution that result from the high reaction yields, and this broadening is exacerbated by 
the narrow size-distributions since the smaller sizes are close to the average critical size and in 
large abundance.  As a result, a complete size-series with narrow distributions cannot be obtained 
by taking fractions from a single set of reaction conditions.  Tuning the average size is achieved 
instead by varying the precursor-to-inhibitor ratio.  Introducing a large excess of inhibitor ligands 
can lead to the generation of a full size series with narrow size-distributions under one set of 
conditions, with time as the only variable, but this is at the expense of significantly reduced reac-
tion yields.  Such growth is possible because the large excess of inhibitors sequesters a large por-
tion of the precursors in solution, maintaining a high enough chemical potential for the precur-
sors in the solution to avoid Ostwald ripening.(4,17) 
 
2.4.2 Synthetic Precursors 
The selection of Cd(acac)2 as the metal precursor was based on the stability of this com-
pound under ambient conditions, the observation that this compound decomposes readily at ele-
vated temperatures, and that it reduces to the zero-valent metal form at elevated temperatures in 
the presence of mildly reducing phosphines.(18) 
High injection temperatures (>350°C) are required for the complete thermal dissociation 
of the tightly bound bidentate acetylacetonate (acac) ligands chelated to Cd.  Lower injection 
temperatures (300-350°C) result in broader size-distributions because cadmium is then not re-
duced fast enough to create the supersaturation conditions needed for a clear separation of nu-
cleation and growth and the avoidance of Ostwald ripening.  Much lower temperatures, such as 
the 100°C degassing temperature, do not result in any noticeably significant reduction of 
Cd(acac)2 in the presence of TOP. 
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As in previous methods, TOPSe is used as the selenium precursor for this preparation.  
TOPSe serves as a source of zero-valent selenium that reacts with the zero-valent cadmium as 
phosphorous in TOPSe converts from a pentavalent to a trivalent state.  In addition to being a 
precursor, TOPSe also passivates CdSe nanocrystals as a surface ligand, especially at ambient 
temperatures.  This is consistent with selenium-rich preparations of CdSe nanocrystals exhibiting 
greater quantum efficiencies compared to cadmium-rich preparations.  A three-fold excess of 
selenium was found optimal under the conditions of this procedure with larger excesses resulting 
in Ostwald ripening due to the near complete reaction of precursors at elevated temperatures. 
 
2.4.3 Reducing Agents 
Previous work has shown that 1,2-diols reduce metal salts through the “polyol proc-
ess.”(18-22)  The role of HDDO in the injection mixture is to serve as a reducing agent that in-
creases the rate of reduction of the Cd precursor to the zero-valent metal, which in turn increases 
the rate of availability of reactive Cd species.  By maintaining a high supersaturation of reactive 
zero-valent Cd precursors, preparations with HDDO yield narrow size distributions.  Changing 
the rate of reduction by using half the amount of HDDO yields similarly narrow size distribu-
tions, but with somewhat larger average sizes as the rate of nucleation is decreased. 
The strength of the reducing agent affects the rate of metal reduction and therefore has 
important consequences on the nucleation and growth kinetics, which in turn affect the resultant 
particle size-distributions.  Nucleation typically occurs during the initial supersaturation of the 
precursors at elevated temperatures, followed by growth after a small temperature drop (Figure 
2.7).  But supersaturation is still essential during the growth phase for the formation of narrow 
size-distributions as it prevents the onset of Ostwald ripening and results in size focusing. 
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Figure 2.7:  LaMer Model of colloid nucleation and growth. 
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Fast reduction of precursors by a strong reducing agent causes most of the precursors to 
nucleate, leaving few precursors for the growth phase and lowering the chemical potential in so-
lution.  Such conditions result in Ostwald ripening at elevated temperatures and produce broader 
size-distributions.  Slower, or intermediate, reduction by a mild reducing agent extends the su-
persaturated state, keeping the chemical potential in solution high enough to limit Ostwald ripen-
ing.  This leads to narrower size-distributions through a size focusing effect that has been well 
described in the literature.(23-27)  Slow reduction by a weak reducing agent does not extend the 
supersaturated state beyond the nucleation stage and particle growth from precursors now com-
petes with dissolution.  Such conditions result in an early onset of Ostwald ripening and thereby 
result in broader size-distributions. 
In the polyol process, the diol dehydrates to an aldehyde, which then coordinates to the 
metal complex by oxidative addition followed by reductive elimination to the zero-valent metal 
form.  Thus, an aldehyde may be added to injection mixtures in place of a 1,2-diol, bypassing the 
dehydration step.  Replacing HDDO with DDA as the reducing agent shows that Cd(acac)2 is 
more reactive to an aldehyde than to a 1,2-diol.  When Cd(acac)2 injection solutions using DDA 
in place of HDDO are degassed at 100°C, the solution turns a deep canary-yellow as the cad-
mium salt reacts.  Injection solutions made this way result in wider size-distributions.  Alterna-
tively, addition of DDA to room temperature injection solutions following degassing yields a 
colorless solution.  Injection of these solutions results in narrow size-distributions similar to 
those of using HDDO but with somewhat larger average sizes. 
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2.4.4 Alternative Cadmium Salt Precursors 
Cadmium precursors that do not decompose at high temperatures in the presence of 
mildly reducing TOP to form CdSe nanocrystals do, however, decompose in the presence of 
other mild yet comparatively stronger reducing agents.  CdSe nanocrystals can be produced from 
cadmium bromide, cadmium iodide, cadmium hydroxide, and cadmium carbonate when reduced 
with HDDO, although these synthetic routes were not optimized for this work. 
 
 
2.5 Conclusion 
Cd(acac)2 is a chemically safer and inexpensive precursor in comparison to dimethyl 
cadmium for the preparation of CdSe nanocrystals.  Synthesis of nanocrystals by this new 
method result in high reaction yields, high monodispersity of size-distributions, high crystallinity, 
and high quantum efficiencies compared to dated organometallic methods.  The precursor solu-
tion and reaction solvent form a mixture of components that synergistically enhance these prop-
erties.  Additionally, CdSe are obtained within 15-60 minutes after a one-shot injection. 
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Chapter 3:  Synthesis of CdSe Nanocrystals from Cd(OH)2* 
 
3.1 Introduction 
3.1.1 The Batch Synthetic Process 
Carboxylic acids have been used to control growth in other II-VI nanocrystal synthetic 
routes,(1,2) although conditions in the former references were only optimized for an extremely 
narrow window of the visible spectrum from what is possible for CdSe nanocrystals.  An alterna-
tive method for the synthesis of cadmium sulfide (CdS) nanocrystals was developed in which the 
reaction solvent, 1-octadecene (ODE), is high-boiling yet a liquid at standard temperature and 
pressure (STP).(1)  ODE was erroneously labeled as a “noncoordinating solvent” since olefins are 
well-known coordinating ligands.  In fact, an important feature of this method requires the disso-
lution of elemental sulfur into ODE, which is not possible in true noncoordinating solvents such 
as alkanes.  Furthermore, this method employs the use of excess acidic coordinating ligands such 
that even the use of a true noncoordinating solvent would be irrelevant.  However, the point is 
well-taken that olefins do not significantly coordinate to cadmium, and a coordinating solvent 
may not be necessary for some materials given the remaining reaction components. 
 
                                                 
*  Part of Chapter 3 is taken from Brian K. H. Yen, Nathan E. Stott, Klavs F. Jensen, and Moungi 
G. Bawendi, “A Continuous-Flow Microcapillary Reactor for the Preparation of a Size Series of 
CdSe Nanocrystals,” Advanced Materials 2003, 15(21), 1858-1862. 
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3.1.2 Flow Reactor Synthesis 
Nanocrystals are typically prepared in a batch process where the precursors are rapidly 
injected into a heated flask containing a mixture of solvents and coordinating ligands.  However, 
the quality and average size of nanocrystals synthesized in the batch process can depend strongly 
on factors which are difficult to control such as the injection process, local temperature and con-
centration fluctuations, rate of stirring, and rate of cooling.  The One particularly useful aspect of 
nanocrystal synthesis in a high-boiling, STP liquid solvent is application towards a continuous 
flow reactor route to nanocrystal synthesis since use of traditional solvents, such as TOPO, that 
are solid at STP would require continuous heating elements before and after inlet and outlet to 
the high-temperature reaction region in order to avoid clogging of the flow channel. 
Flow reactors have many advantages over batch processes such as a greater range of scal-
ability, the ability to tune reaction parameters in real time to yield desired nanocrystal properties 
while using less resources, and the possibility of obtaining kinetic data of nucleation and growth 
processes.  In a continuous flow system, reactions are performed at steady state, making it possi-
ble to achieve better control and reproducibility.  Further benefits can be realized by scaling 
down the reactor dimensions to micrometers, thereby reducing the consumption of reagents dur-
ing the optimization process and improving the uniformity of temperature and residence times 
within the reaction volume.  A microfluidic flow reactor is attractive for nanocrystal synthesis 
because it is possible to rapidly and continuously screen through important reaction parameters, 
while using minimal amounts of reagents, until nanocrystals of the desired size and monodisper-
sity are produced.  In contrast, each set of parameters would represent a separate reaction if the 
optimization procedure were conducted using a batch process.  The inherent advantages of a mi-
crofluidic flow system also make it a natural choice for extracting kinetic data on nanocrystals 
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nucleation and growth processes, information which has been difficult to obtain using conven-
tional macroscale batch methods. 
In spite of the perceived advantages of flow systems, it has been difficult to simply adopt 
the chemistry used in batch preparations of semiconductor nanocrystals to a microfluidic flow 
reactor.  There have been a few reports on the preparation of II-VI Nanocrystals in flow systems, 
(3-5) but these reports have not demonstrated the wide size tunability, low polydispersities, and 
high quantum yields attainable in the batch process, nor have they extracted new kinetic data on 
particle formation.  Cadmium selenide is probably the most well characterized colloidal 
nanocrystal system, but existing preparations are generally not amenable to a continuous flow 
system.  In the most widely used preparation of high quality CdSe quantum dots, dimethylcad-
mium, and tri-n-octylphosphine selenide (TOPSe) are rapidly injected into a hot solvent consist-
ing of a mixture of tri-n-octylphospine (TOP) and tri-n-octylphosphine oxide (TOPO).(6)  The 
solvent also serves as the source of surface ligands for the growing nanocrystals.  This method 
ensures that nucleation occurs very rapidly, followed by slower particle growth on existing nu-
clei, and the particles produced are reasonably monodisperse and crystalline.  Several difficulties 
arise when this chemistry is implemented in a continuous flow system, the most obvious one be-
ing that the solvent can be a solid a room temperature.  Also, when (CH3)2Cd is used as a precur-
sor, gas is rapidly evolved in the reaction, making it difficult to achieve reproducible reactor 
residence times.  Finally, at the high reaction temperatures, TOPO can polymerize and lead to 
clogging of the reactor channel, a problem that is only exacerbated as the channel dimensions are 
made smaller.  Therefore, it was necessary for us to develop a new chemistry for CdSe 
nanocrystal synthesis that is more compatible with a microfluidic flow system.(7) 
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3.2 Experimental 
3.2.1 General 
These procedures were performed under dry nitrogen or argon atmospheres.  Cadmium 
hydroxide [Cd(OH)2, 98%] was obtained from Aldrich.  Squalene (97%), squalane (98%), Oleic 
acid (cis-9-octadecenoic acid, 95%), selenium shot (Se, electronic grade, 99.99+%) were pur-
chased from Alfa.  TOP (97%) was obtained from Strem.  Oleylamine (98% amine content) was 
purchased from Pfaltz-Bauer. 
Acrodisc 0.2-µ hydrophobic PTFE syringe filters were obtained from VWR. 
 
3.2.2 Batch Process 
Appropriate amounts of Cd(OH)2, 1.5 M TOPSe/TOP(6), and oleic acid were selected ac-
cording to the desired size of the nanocrystals (Figure 3.1).  Cd(OH)2 and oleic acid were added 
together with enough TOP to make a final injection solution volume of ~10mL after addition of 
the TOPSe solution.  This mixture was stirred and degassed at 150°C for one hour to form solu-
bilized Cd(Ol)2.  The Cd(Ol)2 solution was allowed to cool to room temperature, after which the 
determined amount of 1.5 M TOPSe in TOP solution was added.  The injection solution was 
stirred to homogeneity and then loaded into a 10-mL syringe. 
Typically, squalene (5mL), oleylamine (8mL), and TOP (3.5mL) were mixed together to 
form the reaction solvent.  This solvent was degassed while heating to 140°C, after which the 
reaction vessel was purged with argon and the temperature was raised to 360-365°C.  The pre-
cursor solution was quickly injected into the rapidly stirring, hot solvent, and the temperature 
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Figure 3.1:  Room temperature absorption and emission spectra of CdSe nanocrystals ranging 
from 533-622nm for the band edge absorption taken from respective growth solutions without 
size selection.   
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was allowed to drop to 250°C for controlled growth.  Aliquots were taken periodically and di-
luted in hexanes to monitor the growth by UV-Vis absorption. 
Samples were flocculated through the addition of acetone to the growth solution, or, al-
ternatively, samples were precipitated by adding 3-5mL of n-butanol to the growth solution fol-
lowed by flocculation through addition of methanol.  The precipitates were separated from the 
supernatants through centrifugation.  The solid residues were then dissolved in hexanes and fil-
tered through a 0.2-µ syringe filter.  Sometimes the excess oleic acid on the nanocrystal surfaces 
can cause problems with use towards certain applications, but this can be alleviated through the 
treatment of precipitates with n-octylamine,(8) followed by the addition of phosphines-based 
ligands. 
 
3.2.3 Flow Reactor 
Typically, a Cd precursor solution was prepared by heating a suspension of Cd(OH)2 
(74.8 mg, 0.5 mmol), oleic acid (350 µL, 2.2 mmol), and squalane (9mL) at 150°C under vac-
uum.  After approximately 10 minutes, the solution became optically clear, at which point the 
temperature was lowered to 100°C.  The solution was further degassed for at least 90 minutes to 
remove any excess water.  Upon cooling to room temperature, oleylamine (4mL) was added.  
The Se precursor solution was prepared by diluting a portion of a 1.5 M TOPSe/TOP stock solu-
tion in squalane. 
The flow reactor used in this process is depicted in Figure 3.2.  The reactor consisted of a 
length of glass tubing with a 250-µm channel diameter placed inside an aluminum heating chuck.  
Heating was provided by cartridge heaters inserted within the aluminum block, and the tempera-
ture was monitored using a small thermocouple inserted next to the glass tubing.  The total 
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Figure 3.2:  Schematic of the capillary reactor. 
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length of the heating section was 14.6cm.  The Cd and Se precursor solutions were thoroughly 
degassed at 90°C before being carefully drawn into syringes and then delivered in two separate 
flows with syringe pumps.  After combining the two flows with a tee, the fluid reached a minia-
ture convective mixing chamber containing a magnetic stir bar.  After the mixing chamber, the 
precursors flowed into the heated section, where they quickly reacted to form nanocrystals.  The 
nanocrystal solution was then collected for absorption and photoluminescence measurements. 
 
3.2.4 Optical Absorption 
Optical absorption spectra were acquired using a Hewlett-Packard 8452 diode array spec-
trometer.  Photoluminescence spectra were acquired using a SPEX Fluorolog-2 spectrometer, 
using right-angle collection.  Samples were prepared by diluting the raw nanocrystal solutions in 
hexanes.  Quantum yields were determined by comparing the integrated emission of a given 
nanocrystal sample solution with that of an appropriate reference dye. 
  
 
3.3 Results 
3.3.1 The Batch Process 
The oleic acid used in this method acts as a mild growth inhibitor, allowing for controlled 
growth and, more specifically, one parameter with which to tune the size of the nanocrystals.  
Figure 3.3 shows how the final size of CdSe nanocrystals is determined by the amount of oleic 
acid when holding other parameters constant.  These results show that the average size of 
nanocrystals increase with increasing excesses of oleic acid.  Thus, increasing amounts of oleic
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Figure 3.3:  Room temperature absorption and emission spectra of CdSe nanocrystals from re-
spective growth solutions without size selection.  Shows that the variation in size when changing 
the amount of oleic acid while holding all other parameters constant.  Injection solution was 
1mmol Cd(OH)2, 9mmol TOPSe, and varable oleic acid. 
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acid inhibits nucleation more such that fewer particles are formed during this initial stage.  After 
nuclei have formed, oleic acid displays weakly inhibiting properties such that the focused growth 
stage is not as inhibited as the nucleation.  This results in the remaining precursors in solution 
reacting quickly with the existing nuclei to increase the average size.  Therefore, larger numbers 
of nuclei result in small particles and lesser numbers of nuclei result in large particles based on 
the amount of precursors left in solution after the nucleation step.  This parameter is limited by 
the relative volatility of oleic acid as it increases in proportion to the reaction solvent. 
The resultant sizes of particles can further be controlled by varying the amounts of cad-
mium and selenium in addition to the amount of oleic acid.  Figure 3.1 shows a series of CdSe 
nanocrystals produced over a wide range of sizes (3.4-6.1nm in diameter) within the visible spec-
trum (530-620nm for the band-edge absorption).  These trends show that increasing the amount 
of cadmium precursor results in larger particle sizes since more of the limiting material is avail-
able for particle formation and growth.  Conversely, increasing the amount of selenium precursor 
results in smaller particle sizes since the amount of the limiting precursor (cadmium) is used up 
faster during the nucleation step, creating more nuclei with less material available during the 
growth stage.  These syntheses have been found to have relatively high reaction yields (70-95%).  
 
3.3.2 The Flow Reactor 
The presence of the separate precursor flows and the mixer were necessary because once 
the Cd and Se precursor solutions are combined at room temperature, small CdSe clusters form 
over several hours.  This cluster formation resulted in irreproducibility in the sizes of the final 
nanocrystals produced by the reactor so the Cd and Se precursors could not be mixed until just 
prior to reaching the heated section.  The volume of the mixer (about 30-µL) was chosen such 
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that the chamber residence time was long enough (about 1 to 15 minutes depending on flow rate) 
to ensure complete mixing but short enough to avoid formation of small clusters.  The excellent 
stability of our reactor was demonstrated by continuously flowing precursors through the reactor 
for 8h.  Absorbance spectra taken of the nanocrystals sampled during these long runs were indis-
tinguishable from each other. 
By systematically varying the temperature, flow rate, and concentration it was possible to 
finely tune the size of nanocrystals produced in the reactor.  Average nanocrystal radii were de-
termined from the position of the band-edge absorbance peak and calibration curves based on 
TEM and X-ray scattering results.(9,10)  The reaction yield and number of nuclei per volume were 
determined from the optical density and absorbance cross-section at 350nm as previously re-
ported.(11)  As expected, we observed higher reaction yields and the production of larger 
nanocrystals as the residence time or temperature is increased.(12)  Though the average nanocrys-
tal size can be tuned by changing the reactor conditions, it was observed that a corresponding 
variation in the size distribution of samples produced.  In particular, the ratio of the size distribu-
tion to average radius becomes unacceptably large (less than 10%) at extremes of low tempera-
tures or high flow rates.  At the other extremes, as explained below, the kinetics of nucleation 
and growth place an upper limit on the temperature and a lower limit on the flow rate.  Given the 
relatively narrow range of monodisperse sizes available by simply changing the reactor condi-
tions, access a larger range was sought by systematically varying the precursor concentration.  
Figure 3.4 shows the absorbance and emission spectra of a size series of nanocrystals with aver-
age radii ranging from about 1.5 to 2.7nm (absorbance maximum from 510 to 606nm).  Four 
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Figure 3.4:  Size series for samples prepared using four TOPSe concentrations--1:1 Se:Cd (red), 
2:1 Se:Cd (orange), 5:1 Se:Cd (green), and 18:1 Se:Cd (blue).  For each TOPSe concentration, 
the average nanocrystal size was controlled by varying the temperature at a fixed flow rate. 
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TOPSe concentrations (1:1, 2:1, 5:1, and 18:1 Se:Cd) were used to obtain the size series shown.  
By controlling the number of nuclei systematically with concentration, four size ranges were ac-
cessible, and within each range, the temperature and flow rates were varied to more finely tune 
the average nanocrystal size.  The narrow emission peak widths (full-width-half-maximum be-
tween 27-34nm) and high quantum efficiencies (from 28 to 51%) indicate the excellent quality of 
the samples shown in Figure 3.4. 
 
 
3.4 Discussion 
3.4.1 The Batch Process 
As in prior work,(13) tri-n-octylphosphine (TOP, 3.5mL) and oleylamine (8mL) are used 
as intermediate binding solvents, which result in narrow size-distributions (87-121meV) and high 
quantum efficiencies (20-75%).  Figure 3.5 shows a digital photograph of a size series of CdSe 
nanocrystal cores made from this method, with exception of the blue sample, which is (CdS)ZnS.   
The mixed solvent is completed by the addition of the final co-solvent (5mL), of which can be 
selected from a variety of choices.  Similar results are obtainable when using dioctyl ether (DOE), 
squalene (a main component of shark liver oil), or even vegetable (soybean) oil as the variable 
co-solvent.  Additionally, squalane (hydrogenated squalene) is usable as a non-coordinating co-
solvent that yields similar results.  All of these co-solvents allow for injection temperatures at or 
just above 360°C, except the lower boiling point of DOE only allows for an injection tempera-
ture up to about 335°C for the mixed solvent. 
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Figure 3.5:  A digital photograph of a size series of CdSe nanocrystal cores made from Cd(OH)2, 
with exception of the blue sample, which is (CdS)ZnS. 
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Cadmium hydroxide [Cd(OH)2] is the cadmium precursor for this reaction, which is safer 
and less expensive compared to organometallic routes.(6)  Cd(OH)2 is degassed at elevated tem-
perature (150°C) along with oleic acid, during which cadmium oleate [Cd(Ol)2] is formed 
through a dehydration reaction.  Formation of Cd(Ol)2 both solubilizes cadmium and puts it into 
a more reactive form than the initial Cd(OH)2 precursor.  Use of no amount or limiting amounts 
of oleic acid result in poor size-distributions for this procedure. 
 
3.4.2 The Flow Reactor 
An important result described above is the variation of the size distribution with tempera-
ture or flow rate.  Understanding this trend provides insight into reactor design issues and under-
lying nucleation and growth processes.  For instance, the size distribution becomes unacceptably 
broad as the flow rate is increased (reaction time decreased).  Nonuniformity of reaction condi-
tions across the channel can contribute to broadening of the size distribution.  The microchannels 
of the flow have a rapid rate of heating, so it can be concluded that the dispersion in reaction 
conditions is dominated by the residence time distribution (RTD).  For laminar flow in a cylin-
drical channel, the flow takes on a parabolic velocity profile such that nanocrystals in the center 
move faster than those near the channel wall.  Superimposed on this flow profile is the radial dif-
fusion of nanocrystals across the channel, and the combination gives rise to a distribution of resi-
dence times experienced by nanocrystals exiting the reaction section.  The residence time is 
technically an average residence time.  The width of the RTD function and the corresponding 
contribution to the overall size distribution can be calculated.  At shorter times, the RTD effect is 
significant, accounting for about 60% of the overall size distribution for 14s residence times.  At 
longer times, the RTD effect becomes negligible, accounting for less than 10% of the overall size 
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distribution for long residence times of 144s.  This analysis partially explains the narrowing of 
the overall size distribution with increased reaction time.(14) 
The dependence of size distribution on temperature can be explained from kinetic argu-
ments.  The number of nuclei tends to increase with time and then saturates to a constant value.  
This is consistent with existing nucleation and growth models in which nanocrystal formation 
proceeds by a simultaneous nucleation and growth period followed by purely growth on existing 
nuclei.  Since the kinetics of nucleation and growth are strongly temperature dependent, the for-
mation of nuclei takes substantially longer as the temperature is lowered.  In fact, at 240°C, the 
nucleation is slowed so much that even at a long residence time of 216s, nucleation is incomplete.  
Therefore, at lower temperatures, the kinetics are slowed to such an extent that the majority or all 
of the residence time is characterized by mixed nucleation and growth, resulting in poor size-
distributions.  At high temperatures, nucleation ends quickly so that the majority of the time 
spent in the heated section is purely characterized by growth focusing.  Another important obser-
vation is that the numbers of nuclei approach essentially the same value.  In other words, chang-
ing the temperature affects the rate of nucleation, but the final number of nuclei formed remains 
essentially constant.  Thus, with this chemistry there is a fundamental limit on the range of sizes 
that may be accessed by changing the temperature. 
In order to access a larger size range while maintaining acceptable size distributions, the 
concentration of the TOPSe precursor was systematically varied.  It is reasonable to expect that 
TOPSe binds weakly to Cd sites on a growing nanocrystal surfaces through the Se atom.  There-
fore, increasing the TOPSe concentration will tend to slow the growth rate relative to the nuclea-
tion rate, resulting in formation of a larger number of nuclei.  Indeed, this is exactly the trend that 
is found when varying the TOPSe concentration while keeping the cadmium oleate concentration 
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and reactor temperature (280°C) constant.  Also, a higher TOPSe concentration resulted in faster 
overall reaction kinetics as indicated by higher reaction yields.  This is due to two effects: first, a 
higher concentration of precursors results in faster overall kinetics, and secondly, a higher con-
centration of nuclei on which to grow results in faster depletion of monomers in solution. 
 
 
3.5 Conclusion 
CdSe nanocrystals can be made using Cd(OH)2 in an STP liquid solvent, and this general 
process is applicable to both batch reactions and a microfluidic flow reactor.  In both cases, high 
quality samples of CdSe nanocrystals are produced over a wide range of sizes.  The final average 
sizes in the batch process can be tuned by varying the cadmium and selenium precursor concen-
trations as well as the amount of oleic acid.  The microfluidic flow reactor allows for fine control 
and real time selection of sample sizes through adjustment of reaction conditions such as the 
flow rate and reactor temperature.  It was found that a combination of the RTD and intrinsic nu-
cleation and growth processes place restrictions on the range of sizes that can be accessed for a 
given precursor concentration.  By changing the TOPSe concentration, it is possible to control 
the nucleation rate, thereby enabling the use of a simple capillary reactor to produce high quality 
CdSe nanocrystal samples over a wide size range.  An obvious extension of this present work is 
the implementation of this capillary reactor to other nanoparticle systems. 
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Chapter 4:  (Core)Shell Nanoparticles from ZnS Overcoating 
 
4.1 Introduction 
Nanocrystal surfaces are higher in energy than the interiors due to the surface free energy 
caused by dangling bonds from the abrupt end to the crystalline structure.  The presence of sur-
face ligands such as TOP and amines serve to passivate in addition to allowing for suspension in 
various environments.  However, the optical properties of colloidal nanocrystals are not stable 
upon prolonged exposure to oxygen, water, and other various chemicals that can quench the 
luminescence.  Furthermore, processing nanocrystals through precipitation can have a lowering 
effect upon quantum efficiencies as surface ligands become labile due to the addition of solvents, 
leaving the surfaces exposed. 
It was found that colloidal nanocrystals can be given greater stability by overcoating the 
nanocrystal cores with another material to form (core)shell structures.  The properties of the shell 
material are very important when choosing a material to confine the core.  The shell material 
must have a larger band gap than the core material and, related to this, the band offsets should be 
such that the band gap of the core material is within the band gap of the shell material in order to 
confine the electron and hole of the core material, which behaves as the primary chromophore 
(Figure 4.1).  In addition, it is important that the shell material have lattice parameters as close to 
those of the core as possible so as to reduce the amount of lattice mismatch.(1)  Greater lattice 
mismatch reduces the amount of passivation and the structural integrity of the shell, especially as 
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Figure 4.1:  Diagram showing the band gaps and band offsets of selected II-VI and III-V 
semiconductor materials (Based on diagram made by Frederic V. Mikulec). 
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the shell is grown larger.  Initially, the shell material follows the lattice parameters of the host 
core material, but the shell material parameters grade from those of the core to the innate pa-
rameters as the shell becomes larger.  If the lattice mismatch is poor and the shell becomes too 
large, it will fissure and crack due to the stress of expansion or compression. 
CdSe has a band gap of about 1.74eV, and CdSe nanocrystals have been overcoated with 
a variety of other II-VI materials.  ZnSe has a 2.82eV band gap that offsets with CdSe such that 
the electron is well confined but the hole should be slightly leaking.  The lattice mismatch be-
tween the two materials is neither small nor great at 7.0%.  One the first preparations of colloidal 
(core)shell (CdSe)ZnSe resulted in unchanged quantum efficiencies, seeming to confirm the ex-
pectation based on the hole leak.(2)  However, a more recent method for these (core)shell parti-
cles made in the presence of amines yields stable colloids with quantum efficiencies ranging 
from 60 to 85%.(3)  This seems to indicate that any leaking of the hole is not significant, which 
can be explained by the hole being very heavy, much more so than the electron, such that is still 
remains localized in the core material. 
CdS has a band gap of 2.50eV that offsets so as to confine the electron and the hole of 
CdSe, and the lattice mismatch is very small at 3.9%.  The first preparations of CdSe nanoparti-
cles overcoated with CdS yielded quantum efficiencies of greater than 50%, but these (core)shell 
particles did not offer long-term stability or great reproducibility based on the conditions of the 
procedure.(4)  More recent versions of this procedure using large excesses of the sulfur precursor 
result in spherical cores in ellipsoidal shells with quantum efficiencies greater than 70%.(5) 
ZnS has a 3.91eV band gap with offsets that put the band gap of CdSe in the center.  
While the electron and hole are extremely well confined, the lattice mismatch is 11.1%.  The first 
preparation of (CdSe)ZnS nanocrystals was highly reproducible, resulting in extremely stable 
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particles with quantum efficiencies between 30 to 50%.(6)  However, growing the shell too thick 
resulted in sudden drops in quantum efficiencies as was to be expected.  This problem can be 
remedied by using 80% zinc with 20% cadmium in the overcoating solution in order to grow a 
graded shell to form ((CdSe)CdS)ZnS ((core)shell)shell nanoparticles with quantum efficiencies 
greater than 80%.(7) 
In this chapter, the synthesis of (CdSe)ZnS (core)shell nanocrystals made using Zn(acac)2 
as the zinc precursor is presented.  As with Cd(acac)2, Zn(acac)2 is a solid powder that has the 
same advantages of increased safety over diethylzinc (Et2Zn), the highly pyrophoric precursor 
that is typically used, since it is relatively stable to ambient moisture and air, and Zn(acac)2 is 
significantly less expensive.  Furthermore, the syntheses of (CdSe)ZnS nanocrystals using 
Zn(acac)2 , in combination with the mixed solvent/ligand system, results in relatively high quan-
tum efficiencies and high reaction yields. 
 
 
4.2 Experimental 
4.2.1 General 
All reactions were performed under dry nitrogen or argon atmospheres using standard 
Schlenk techniques.  Tri-n-octylphosphine oxide (TOPO, 90%), zinc 2,4-pentanedionate·H2O 
[Zn(acac)2], and dodecanal (DDA) were obtained from Alfa.  TOPO (99%), 1-Hexadecylamine 
(HDA, tech., 90%), 1,2-hexadecanediol (HDDO, tech., 90%), and hexamethyldisilathiane 
[(TMS)2S] were obtained from Aldrich.  Tri-n-octylphosphine (TOP, 97%) was obtained from 
Nathan E. Stott, Ph.D. Dissertation, Massachusetts Institute of Technology, Cambridge, MA 89
Strem.  Oleylamine (98% amine content) was purchased from Pfaltz-Bauer.  Phosphoric acid, 
di(2-ethylhexyl) ester [Bis(2-ethylhexyl)phosphate (BEHP, 95%)], was obtained from TCI. 
Acrodisc 0.2-µ hydrophobic PTFE syringe filters were obtained from VWR.  TEM grids 
(Ultra-thin Type A, CAT # 01822-F) were obtained from Ted Pella. 
 
4.2.2 Synthesis of (CdSe)ZnS [(Core)Shell] Nanocrystals 
The mixed reaction solvent for the shell overcoating procedure was prepared identically 
to that of the CdSe core synthesis.  After purging the flask with inert gas, the temperature was 
raised to 360°C and then lowered to 60°C.(8) 
A volume of core solution containing 1/10 to 1/3 of the initial cadmium amount of the core 
preparation is added to the solvent, and the hexanes are evaporated at 60°C and reduced pressure 
(~100 millitorr).  The molar amount of cadmium in the core solution was calculated using the 
optical density and absorption cross-section at 350nm.(9) 
The ZnS overcoating solution was prepared by the same method used to prepare CdSe 
core injection solutions.  The Zn(acac)2 and DDA (or HDDO) were mixed into 4mL of TOP in a 
1:2.2 molar ratio.  The appropriate amount of (TMS)2S dissolved into 2mL of TOP was added 
after the Zn(acac)2 mixture was degassed, purged with inert gas, and reached room temperature.  
The final overcoating mixture, which was relatively viscous, was added to an addition funnel and 
the core solution was elevated to the appropriate overcoating temperature.  The overcoating tem-
perature was ~70°C lower for a given core size compared to the previously reported procedure,(6) 
and the amounts of Zn(acac)2 and (TMS)2S were calculated as previously.(10) 
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The overcoating solution was added drop-wise at a rate of about one drop per second 
while rapidly stirring.  Five minutes after complete addition, the temperature was lowered to be-
tween 80-100°C, and the solution was allowed to stir overnight for annealing of the shell. 
 
4.2.3 Nanocrystal Processing 
(CdSe)ZnS (core)shell nanocrystal overcoating solutions may be processed for the re-
moval of excess organics and remaining precursors.  5mL of hexanes were mixed into the 
nanocrystal solution between 60-100°C.  The solution was allowed to cool to room temperature 
and then transferred to a centrifuge tube.  The sample was centrifuged, and the colored super-
natant was decanted into a new centrifuge tube and a white precipitate discarded.  The white pre-
cipitate is likely HDA salts and excess HDA that are insoluble in hexanes. 
3-5mL of n-butanol were mixed into the supernatant, and, if necessary, more hexanes 
were mixed in until the solution became optically clear.  The nanocrystals in the supernatant 
were flocculated by adding methanol while rapidly stirring.  The samples were centrifuged and 
the colorless supernatants discarded.  A minimal amount of hexanes were added to disperse the 
precipitate, followed by an addition of 3/5 to one equivalent volume of n-butanol.  The sample 
was then precipitated and centrifuged, followed by one more repetition of the precipitation steps.  
Samples were stored in a minimal amount of hexanes with a few drops of TOP to maintain quan-
tum yields and prevent aggregation.  TOP may be omitted if it interferes with the intended use of 
the nanocrystals.  Diluted samples can be stored in a freezer for 5-15 minutes to facilitate the 
precipitation of salts and then be passed through a syringe filter to strain out the organic and salt 
precipitates. 
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4.2.4 Optical Characterization 
Ultraviolet-visible (UV-vis) absorption spectra were acquired with a Hewlett-Packard 
8452 diode array spectrometer.  Photoluminescence emission spectra were acquired with a Spex 
Fluorolog-2 spectrometer using front-face collection.  Spectra were corrected for photo-
multiplier tube (PMT) response and spectral flux of the excitation lamp using an experimentally 
determined correction factor file. 
Aliquots of nanocrystal solutions were diluted in hexanes for absorption and emission 
spectral analyses.  Quantum yields were estimated by comparing the integrated emission intensi-
ties of nanocrystals diluted in hexanes to those of appropriate laser dyes diluted in methanol.(11-15) 
 
4.2.5 Chemical Composition 
Wavelength dispersive X-ray spectroscopy (WDS) was performed using a JEOL JXA-
733 Superprobe scanning electron microscope (SEM) operating at 15kV.  Samples were cap ex-
changed with pyridine and drop-cast to form films on pieces of Si(100) wafers.(16)  Films of 
~100µ thickness were made by drying in a vacuum oven between 80-90°C for 5 or more hours to 
remove pyridine.  A thin amorphous film of carbon was sublimed onto the surface prior to any 
measurements in order to prevent charging. 
 
4.2.6 Imaging 
High-resolution transmission electron microscopy (HRTEM) was performed on a JEOL 
2010 microscope operating at 200kV, using a lanthanum hexaboride cathode.  Nanocrystal sam-
ples used for TEM characterization were precipitated only once from the growth solution and 
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then passed through an Acrodisc 0.2 µ hydrophobic PTFE syringe filter to remove excess organ-
ics while leaving enough surface ligands to prevent aggregation.  Nanocrystal solutions were 
prepared in quartz cuvettes through dilution in hexanes to an optical density of 0.1 for the band-
edge absorption.  TEM samples were prepared by covering the carbon-coated surfaces of the 
TEM grids with 1 to 3 drops from the nanocrystal solutions and then allowing the solvent to 
slowly evaporate. 
 
 
4.3 Results 
4.3.1 Optical Characterization 
The photoluminescence quantum efficiencies of (CdSe)ZnS nanocrystal emissions range 
from 55-85% after correcting for reabsorption and are significantly more stable to air exposure.  
Figure 4.2 shows the absorbance and emission spectra of CdSe cores before and after overcoat-
ing with a nominal 1.2nm ZnS shell. 
 
4.3.2 Chemical Composition 
The elemental profile of (CdSe)ZnS nanocrystals was determined to ±5% uncertainty us-
ing WDS.  Elemental analysis of ~4.2nm-diameter CdSe cores nominally overcoated with a 
~1.22nm shell of ZnS yielded a Cd:Zn ratio of 0.30:1.00.  This result corresponds to a ~1.19nm 
average shell thickness of ZnS, for a 2.8% error from the nominal shell thickness. 
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Figure 4.2:  Room temperature absorbance and emission spectra of ~4.2nm diameter CdSe cores 
before and after overcoating with a nominally 1.2nm ZnS shell. 
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4.3.3 Imaging 
Figure 4.3 shows HRTEM images of one CdSe nanocrystal core next to another CdSe 
nanocrystal core from the same sample after overcoating the surface with a ZnS shell of nomi-
nally 1.2nm.  While these images contrast well the size differences between CdSe cores of the 
same size before and after overcoating with a nominally 1.2nm ZnS shell, they cannot be as-
sumed to be a statistically accurate representation of all such particles in the respective samples.  
The image of the (CdSe)ZnS nanocrystal does not reveal the location of the CdSe/ZnS interface, 
which is representative of the case for all such images of (core)shell structures. 
 
 
4.4 Discussion 
4.4.1 Synthetic Precursors and Reducing Agents 
The selection of Zn(acac)2 as metal precursor was based on the stability of this compound 
under ambient conditions, the observation that this compound decompose readily at elevated 
temperatures, and that it reduces to the zero-valent metal form at elevated temperatures in the 
presence of mildly reducing phosphines.(17) 
Zn(acac)2 overcoating solutions are prepared with either DDA or HDDO.  Degassing 
overcoating solutions of Zn(acac)2 with DDA at elevated temperature results in colorless solu-
tions, showing that the chelating acetylacetonate ligands bind more tightly to the moderately 
harder Zn2+ ion than to the softer Cd2+ ion.  Overcoating solutions made with DDA are less vis-
cous than solutions made with HDDO and are, therefore, more conducive to drop-wise addition. 
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Figure 4.3:  HRTEM of (a) one CdSe nanocrystal core and (b) one CdSe nanocrystal core from 
the same sample after overcoating with a nominally 1.2nm ZnS shell. 
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Figure 4.4:  (a) Absorption spectra showing CdSe nanocrystals before and after an attempted 
overcoating with ZnS.  (b)  Absorption spectrum showing (CdSe)ZnS nanocrystals after addition 
of n-octylamine and annealing for 2 days. 
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 The presence of amines is important to this overcoating procedure since they are able to 
help facilitate the disassociation of Zn(acac)2 as well as the dissolution of ZnS nuclei.  Figure 4a 
shows the absorption spectra of CdSe nanocrystals before and after attempting to overcoat with 
ZnS in the absence of amines.  After the ZnS precursors are added, a peak appears at 382nm in 
the absorption spectrum which might be from the ion exchange of zinc for cadmium to allow nu-
cleation of CdS.  Such a peak is not observed, however, when amines are present in the overcoat-
ing solvent.  After addition of n-octylamine to the overcoating solution and continuing to stir at 
100°C, the peak at 382nm disappears after a day and the sample exhibits the known characteris-
tics of (CdSe)ZnS (core)shell nanocrystals.  Figure 4b shows the absorption spectrum of the 
(CdSe)ZnS nanocrystals after stirring for two days in the presence of amines.  Overcoating is 
thermodynamically driven by an Ostwald ripening process where smaller particles dissolve to 
overcoat the larger core material, and this is why it is near impossible to overcoat samples of the 
smallest possible size, or the “magic size.”  From this experiment, it can be observed that the 
amines facilitate the dissolution of nuclei to push the overcoating of the core material. 
 
 
4.5 Conclusion 
Zn(acac)2 is a chemically safer and inexpensive precursor in comparison to diethylzinc 
for use in ZnS overcoatings.  The resulting (CdSe)ZnS (core)shell particles are stable and have 
high quantum efficiencies, and the precursor solution and reaction solvent form a mixture of 
components that synergistically enhance these properties.  In the future, this procedure could be 
improved by using 80% Zn(acac)2 and 20% Cd(acac)2 in the overcoating solution to form 
((CdSe)CdS)ZnS nanocrystals with increased stability and improved optical properties. 
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Chapter 5:  Selection of Ligands for Controlled Growth 
 
5.1 Introduction 
In the preparation of CdSe nanocrystals presented in Chapter 2, the solvent/ligand system 
consists of trioctylphosphine oxide (TOPO), trioctylphosphine (TOP), and a primary amine 
[hexadecylamine (HDA) or oleylamine].  Bis(2-ethylhexyl)phosphate (BEHP) is also used as an 
additive in conjunction with purer TOPO.  Technical grade TOPO (90% pure) has been the stan-
dard solvent used for nanocrystal syntheses.  TOPO had been chosen based on its use as a coor-
dinating ligand in metal extraction; however, serendipitously, strong-binding impurities present 
in technical grade TOPO had a dramatic affect on controlling growth during CdSe nanocrystal 
synthesis.  When using TOPO of 97% or greater purity, nanocrystal growth can be uncontrolled 
and non-luminescent particulates can be formed that have optical properties more closely related 
to bulk CdSe. 
Recently, it was found that adding small amounts of monoalkylphosphonic acids to 
higher purity TOPO results in controlled nanocrystal growth similar to that of using 90% pure 
TOPO and also allows for controlled morphological diversity by combining phosphonic acids 
with different chain lengths.(1-11)  Higher concentrations of phosphonic acids (≥1 molar ratio to 
Cd) dramatically decrease the growth rate.(12)  The potentially higher surface coverage of the 
monoalkyl ligands and the probable multidentate binding properties of anionic phosphonic acids 
are likely responsible for this effect.(13)  It is now apparent that the growth-inhibiting impurities 
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in 90% pure TOPO serve to control growth through strong coordination to nanocrystal surfaces.  
Little or no particle growth occurs when using large excesses of phosphonic acids, and the same 
would be expected if TOPO acted as a highly coordinating solvent.  Thus, the role of TOPO in 
CdSe nanocrystal synthesis appears to be that of a mildly coordinating solvent that works in con-
cert with the stronger ligands to regulate the growth. 
The dialkylated acids, such as di-n-octylphosphinic acid, are another possibility for the 
impurity species in 90% pure TOPO.  The more sterically hindered phosphinic acids should have 
a moderately weaker binding affinity to nanocrystal surfaces than phosphonic acids.  In this work, 
we use the commercially available dialkylphosphate, bis(2-ethylhexyl)phosphate (BEHP), as an 
alternative to phosphonic acids.  Like phosphonic acids, dialkylphosphates should bind strongly 
to Cd species in solution and to the surface of CdSe nanocrystals.  The use of 97-99% pure 
TOPO combined with a known amount of BEHP provides increased control and reproducibility 
over nanocrystal nucleation and growth compared to 90% pure TOPO with impurity concentra-
tions that vary between lots.  
Hexadecylamine has been used as the primary solvent for the preparation of ZnSe and 
(CdS)ZnS nanocrystals.(14,15)  Furthermore, primary alkylamines, are known to enhance the 
photo-luminescent quantum efficiencies of CdSe and (CdSe)ZnS nanocrystals.(16-18)  Direct in-
corporation of primary amines into the initial reaction solvent in this work serves both to en-
hance quantum efficiencies and to further control nanocrystal growth, providing narrower size 
distributions. 
In this work, the actions of the various components of the reaction mixture on the growth 
of CdSe nanocrystals are described in the context of the Drago-Wayland extension of Hard-Soft 
Acid-Base Theory (DW-HSAB Theory).  Understanding the binding properties based on DW-
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HSAB theory and ligand chelation leads us to classify the components of the solvent mixture as 
intermediate binding ligands or growth inhibitors.  Using these classifications, the growth of 
CdSe nanocrystals may be finely tuned based on the components selected for synthesis and their 
relative amounts. 
 
 
5.2 Growth Solvents, Impurities, Additives, Chelation, and the Drago-
Wayland Extension of Hard-Soft Acid-Base Theory 
TOPO has been used in the past as the main solvent for CdSe nanocrystal synthesis, and 
it was included as a component of the mixed solvent system in the synthesis presented here.  Di-
n-octylphosphinic acid, one possible impurity in 90% pure TOPO, and BEHP both form anions 
when deprotonated that have a single charge delocalized between two oxygen atoms.  This 
chemical structure allows these molecules to chelate through bidentate binding.  Thus, these 
charged ligands are able to bind strongly to precursors and particles. 
The impurities in 90% pure TOPO are necessary to facilitate the controlled growth of 
particles because TOPO does not bind strongly to particles, but the presence of TOPO is also 
important for optimal growth unless there is a large excess of inhibitors.  This hypothesis was 
tested in our mixed solvent system by replacing TOPO with tetracosane, a non-coordinating 24-
carbon straight-alkane, and adding 0.30 mmol of BEHP as the strongly binding impurity.  This 
reaction produces particles with size-distributions that are broader than if TOPO is included. 
Invoking Hard-Soft Acid-Base (HSAB) theory, it might have been expected that TOP, a 
soft electron-donor base, would be a strong ligand to the cadmium cations that are soft electron-
acceptor acids, so that an excess of TOP would result in a decrease of the nucleation rate and 
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thus smaller particles.(19,20)  TOP is however observed to be only intermediately binding, enhanc-
ing growth and dissolution, without inhibiting nucleation.  This can be understood using 
qualitative arguments based on the Drago-Wayland extension of Hard-Soft Acid-Base (DW-
HSAB) theory, where the steric hindrance of the donors and acceptors must be taken into 
account in addition to their electronic binding affinities.(21-28)  Thus, the strong electronic affinity 
between cadmium cations and phosphines is offset by the steric hindrance of the tertiary 
phosphines. The use of HDA as a surface ligand in nanocrystals that contain zinc cations is more ob-
vious when considering HSAB Theory.  Amines act as hard electron donors and therefore would 
be expected to bind strongly to moderately hard electron acceptors like zinc.  The harder acidic 
nature of zinc can further be observed by the increased stability of Zn(acac)2 over Cd(acac)2. 
The size-distributions of nanocrystals synthesized using Cd(acac)2 are narrowed by in-
corporating HDA into the reaction solvent.  One possible reason might be that the acac ligands 
are destabilized via nucleophilic attack and reaction with HDA at elevated temperature.  This 
hypothesis is supported by the decomposition of Cd(acac)2 when heated in the presence of pri-
mary amines at temperatures lower than those required for decomposition in TOP. 
HDA enhances the quantum efficiencies of CdSe cores even though cadmium is a soft 
acid.  This effect is better understood when considering DW-HSAB Theory.  The steric hin-
drance of a primary alkylamine, such as HDA, is smaller in comparison to secondary and tertiary 
alkylamines of the same carbon chain-length, which have been shown to have little or no effect 
on quantum efficiencies for CdSe nanocrystals.(16) 
Due to reduced steric hindrance, HDA then has intermediate binding activity with cad-
mium in solution and with the surfaces of CdSe nanocrystals.  During growth, this results in an 
effective increase of the mobility of Cd atoms on the surface of the nanocrystals, and an effective 
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annealing of the surface to a structure that has lower free energy, thereby enhancing quantum 
efficiencies. 
Sterically hindered tertiary phosphines cannot saturate binding sites on the surface of 
nanocrystals due to the large cone-angle.  Thus, after growth, the less hindered HDA also en-
hances quantum efficiencies by binding to surface sites that are inaccessible to the TOP ligands.  
However, this effect is less significant than the surface annealing role of HDA described above. 
An excess of sterically unhindered primary alkylamines further enhances quantum effi-
ciencies through reaction with phosphonic, phosphinic, and phosphoric acid impurities and addi-
tives through formation of ammonium salts.  HDA serves as a scavenger for these “impurities,” 
which then precipitate out as salts while the growth solution is cooled and stirred over time.  Any 
acid impurities that do remain complexed near cadmium surface sites may be in the form of the 
ammonium salts, packaging the nanocrystals in an “inverse micelle.”  Thus, the quenching ef-
fects of the acids are offset by the introduction of positively charged counter-ions. 
 
 
5.3 Intermediate Binding Ligands and Inhibitors 
From these observations and hypotheses, the components of the reaction solvent can be 
classified with respect to their actions upon nanocrystal growth as either intermediate binding 
ligands or inhibitors.  From these definitions, a methodology may be developed to tailor the syn-
theses of other nanoscale materials. 
Sterically hindered but electronically favorable trialkylphosphines and electronically un-
favorable but sterically unhindered primary alkylamines have varied degrees of intermediate 
binding strengths to monomers in solution and to the surfaces of nanocrystals.  These ligands ef-
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fectively increase the rates of growth and dissolution, enhancing particle annealing and size fo-
cusing.  These ligands can be used in significant excess without strongly affecting nucleation 
rates. 
Dialkylphosphates, monoalkylphosphonic acids, and the impurities found in 90% pure 
TOPO bind strongly to monomers in solution and to the surfaces of nanocrystals as observed 
from decelerated growth rates.  These ligands act as growth inhibitors by sequestering precursors 
in solution and sterically hindering precursor addition to surface sites.  This is important because 
inhibitors allow controlled, non-catastrophic growth by regulating the growth kinetics through 
lowering the free energy of precursors in solution and by forming a static steric barrier on the 
particle surface, both of which reduce the rate of precursor addition to the surface. These strong 
inhibitors should be used in small quantities so as not to excessively quench particle growth.  
Furthermore, an excess of these inhibitors moves the kinetics to a more reaction-limited growth 
regime and result in lower reaction yields, although this allows for shape-control under certain 
conditions.(1-11) 
 
 
5.4 Controlled Growth and Precursor-to-Inhibitor Ratios 
The experiments represented in Figure 5.1 show a fundamental relationship between the 
inhibitor concentration and the resulting particle sizes and yields under the conditions of limiting 
inhibitors.(29)  This relationship holds assuming other variable conditions that affect particle size, 
such as the rate of precursor reduction and temperature at a given time, are held constant be-
tween experiments. 
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Figure 5.1:  (a) Linear fit of the average size, or crystalline volume, of nanocrystals formed by 
varying the amount of cadmium (1:3 Cd:Se) precursor injected into a mixed solvent system of 
90% pure TOPO, HDA, and TOP.  (b) Linear fit of the average size, or crystalline volume, of 
nanocrystals formed by varying the amount of BEHP added to a mixed solvent system of 99% 
pure TOPO, HDA, and TOP while holding the amount of precursors constant (1 mmol Cd, 3 
mmol Se). 
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The linear relationship displayed in Figure 5.1a shows that the concentration of nanocrys-
tals formed is nearly constant even though the concentration of precursors varies.  Thus, the 
number of inhibitor-isolated nuclei formed upon injection is nearly constant for constant inhibi-
tor concentrations.  These inhibitors isolate a constant amount of precursors while the remnant of 
precursors form “monomers” to add to existing particles for growth to the final size.  Thus, the 
number of inhibitors per particle nucleus, or the cadmium precursor-to-inhibitor (PI) ratio, is an 
important factor in determining the final particle size. 
The importance of the cadmium PI ratio in determining the final particle size is further il-
lustrated when varying the amount of inhibitor while holding the precursor concentration con-
stant.  Figure 5.1b shows that lower inhibitor concentrations result in a smaller number of larger 
particles and higher inhibitor concentrations result in a larger number of smaller particles when 
holding the amount of precursors constant.  The linear plot displayed in Figure 5.1b further im-
plies that there is a fundamental number of inhibitors per particle for the given growth conditions 
in this inhibitor concentration range. 
The trial without any added inhibitor yields an unexpected result since inhibitors are re-
quired to isolate particles for controlled growth.(30)  This indicates that other components of the 
reaction have inhibiting properties that allow particles to be isolated until the temperature drops 
low enough to arrest the growth and avoid Ostwald ripening.  Such unaccounted inhibitors may 
be side-products formed from acac or impurity components of the other chemicals used in the 
synthesis, such as in the 90% HDDO. 
The physical interpretation behind Figure 5.1b is not completely understood.  Previously 
published experiments and theory from Leubner do not match these results, which is not com-
pletely surprising since the particle material and reaction process are significantly different.(31-33)  
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When considering the work of Leubner, the expected results for Figure 5.1b is a linear relation-
ship resulting from a log/log plot of the data.  Such a relationship logically shows that the parti-
cle size approaches infinity as the inhibitor concentration approaches zero and the particle size 
approaches zero as the inhibitor concentration approaches infinity.  Changing the average size-
parameter from volume to cross-sectional area to radius causes the line to curve up increasingly, 
seeming to support the expectation from theory since the power associated with radius only 
changes the slope in a log/log plot.  Fortunately, useful information may be gleaned from Figure 
5.1b without completely understanding the underlying theory since, at a minimum, a linear win-
dow is given in which the particle size produced may be finely controlled by the inhibitor con-
centration. 
The PI ratio may also be thought of in terms of classical nucleation theory.(34-38)  The 
change in free energy, ∆G, from precursors in solution nucleating into crystalline particles is rep-
resented by the equation 
∆G = 4πR2γ + 4/3πR3∆FV                                                   (5.1) 
where R is the radius of the nuclei, γ is the surface free energy of the nuclei, and ∆FV is the volu-
metric lattice energy.  Lattice volume has a stabilizing affect upon the nuclei which results in 
lowering free energy proportional to the cube of the radius while surface area has a destabilizing 
affect upon the nuclei which results in increasing free energy proportional to the square of the 
radius (Figure 5.2).  The surface-to-volume ratio decreases as the size of the nuclei increases 
such that nuclei below the critical radius are destabilized towards dissolution in proportion to the 
surface area.  Increasing the amount of inhibitors in the growth solution should stabilize particles 
by binding to the surfaces such that the surface free energy is lowered.  This lowering of the sur-
face free energy results in both a decrease in the free energy of formation and the critical radius 
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Figure 5.2:  Classical nucleation model.  The black lines show a larger contribution from the 
surface free energy which results in a larger average critical radius for the nuclei and a greater 
difference in free energy.  The blue lines show a smaller contribution from the surface free en-
ergy which results in a smaller average critical radius for the nuclei and a lesser difference in free 
energy. 
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of the nuclei.  Thus, adding inhibitor to the growth solution results in larger numbers of smaller 
particles and removing inhibitor results in smaller numbers of larger particles for equivalent 
amounts of starting materials when considering this simple model of nucleation (Figure 5.1b).  
This phenomenon is best illustrated in the case of removing inhibitor from smaller nuclei since 
doing so increases the surface free energy such that the nuclei must grow in size in order to lower 
the total sum of all the surfaces.  Furthermore, holding the inhibitor concentration constant 
should also result in the same number of nuclei of critical radius R* stabilized by an equivalent 
number of inhibitors such that increases in the amount of precursors result in a constant number 
of larger particles (Figure 5.1a). 
While experimental results reveal a fundamental relationship between the PI ratio and 
particle growth, perhaps more exciting than the ability to finely control the growth of CdSe 
nanocrystals using BEHP inhibitor is applying this methodology to other materials with differing 
crystalline lattice parameters.  Thus, controlled growth of other nanoscale materials may be 
achieved by tailoring the intermediate binding ligand/growth inhibitor classifications based on 
the properties of the given material and the binding affinity of molecular species towards the sur-
faces of that given material. 
 
 
5.5 Conclusion 
The desired size of nanocrystals can be selected based on the PI ratio.  The precursor so-
lution and reaction solvent form a mixture of components that synergistically enhance the optical 
properties of the nanocrystals, and the activity of these components may be better understood 
through qualitative arguments based on DW-HSAB Theory and intermediate binding 
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ligand/growth inhibitor classifications.  Intermediate binding ligands have binding properties that 
increase the dynamics of particle growth.  Inhibitors bind tightly to and isolate the particles to 
allow controlled growth.  An important factor in determining the final particle size is the cad-
mium PI ratio.  Using BEHP inhibitor affords controlled growth of CdSe nanocrystals, and ap-
plying this new understanding will allow for the controlled growth of diverse nanoscale materials. 
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Chapter 6:  Conclusions 
 
Chapters 2 and 3 showed that extremely high-quality CdSe nanocrystals can be synthe-
sized using mild precursors such as Cd(acac)2 and Cd(OH)2 while achieving higher quantum 
efficiencies, higher reaction yields, smaller size-distributions, and with finer control over the 
final size in comparison to previous methods.  In addition to the batch synthesis, Chapter 3 
showed the development of a microfluidic flow reactor using a mixed high-boiling STP liquid 
solvent.  It was found that the temperature, flow rate, and precursor ratios are parameters that can 
be used to control the size and size-distributions of the final products.  The CdSe cores were 
overcoated with ZnS from Zn(acac)2 to form highly stable and highly luminescent (core)shell 
colloids in Chapter 4.  Chapter 5 developed qualitative arguments based on the Drago-Wayland 
extension of Hard-Soft Acid-Base Theory to describe the actions of surfactant ligands in the 
growth solution.  It was shown that crystal growth inhibitors can be used to finely control 
nanocrystal growth, and the precursor-to-inhibitor ratio is fundamental to the final outcome. 
Cd(acac)2 is a chemically safer and inexpensive precursor in comparison to dimethyl 
cadmium for the preparation of CdSe nanocrystals.  Synthesis of nanocrystals by this new 
method result in high reaction yields, high monodispersity of size-distributions, high crystallinity, 
and high quantum efficiencies compared to dated organometallic methods.  The precursor solu-
tion and reaction solvent form a mixture of components that synergistically enhance these prop-
erties.  Additionally, CdSe are obtained within 15-60 minutes after a one-shot injection. 
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CdSe nanocrystals can be made using Cd(OH)2 in an STP liquid solvent, and this general 
process is applicable to both batch reactions and a microfluidic flow reactor.  In both cases, high 
quality samples of CdSe nanocrystals are produced over a wide range of sizes.  The final average 
sizes in the batch process can be tuned by varying the cadmium and selenium precursor concen-
trations as well as the amount of oleic acid.  The microfluidic flow reactor allows for fine control 
and real time selection of sample sizes through adjustment of reaction conditions such as the 
flow rate and reactor temperature.  It was found that a combination of the RTD and intrinsic nu-
cleation and growth processes place restrictions on the range of sizes that can be accessed for a 
given precursor concentration.  By changing the TOPSe concentration, it is possible to control 
the nucleation rate, thereby enabling the use of a simple capillary reactor to produce high quality 
CdSe nanocrystal samples over a wide size range.  An obvious extension of this present work is 
the implementation of this capillary reactor to other nanoparticle systems. 
Zn(acac)2 is a chemically safer and inexpensive precursor in comparison to diethylzinc 
for use in ZnS overcoatings.  The resulting (CdSe)ZnS (core)shell particles are stable and have 
high quantum efficiencies, and the precursor solution and reaction solvent form a mixture of 
components that synergistically enhance these properties.  In the future, this procedure could be 
improved by using 80% Zn(acac)2 and 20% Cd(acac)2 in the overcoating solution to form 
((CdSe)CdS)ZnS nanocrystals with increased stability and improved optical properties. 
The desired size of nanocrystals can be selected based on the PI ratio.  The precursor so-
lution and reaction solvent form a mixture of components that synergistically enhance the optical 
properties of the nanocrystals, and the activity of these components may be better understood 
through qualitative arguments based on DW-HSAB Theory and intermediate binding 
ligand/growth inhibitor classifications.  Intermediate binding ligands have binding properties that 
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increase the dynamics of particle growth.  Inhibitors bind tightly to and isolate the particles to 
allow controlled growth.  An important factor in determining the final particle size is the cad-
mium PI ratio.  Using BEHP inhibitor affords controlled growth of CdSe nanocrystals, and ap-
plying this new understanding will allow for the controlled growth of diverse nanoscale materials. 
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Appendix B:  “Blue Luminescence from (CdS)ZnS Core-Shell 
Nanocrystals” 
 
Reprinted from:  Jonathan S. Steckel, John P. Zimmer, Seth Coe-Sullivan, Nathan E. Stott, 
Vladimir Bulović, and Moungi G. Bawendi, “Blue Luminescence from (CdS)ZnS Core-Shell 
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Appendix C:  “Emission Intensity Dependence and Single-
Exponential Behavior In Single Colloidal Quantum Dot Fluores-
cence Lifetimes” 
 
Reprinted from:  Brent R. Fisher, Hans-Jürgen Eisler, Nathan E. Stott, and Moungi G. Bawendi, 
“Emission Intensity Dependence and Single-Exponential Behavior In Single Colloidal Quantum 
Dot Fluorescence Lifetimes,” Journal of Physical Chemistry B, 2004, 108 (1), 143-148. 
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Appendix D:  “A Continuous Flow Microcapillary Reactor for the 
Preparation of a Size Series of CdSe Nanocrystals” 
 
Reprinted from:  Brian K. H. Yen, Nathan E. Stott, Klavs F. Jensen, and Moungi G. Bawendi, “A 
Continuous Flow Microcapillary Reactor for the Preparation of a Size Series of CdSe Nanocrys-
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Appendix E:  “Observation of Bimolecular Carrier Recombination 
Dynamics in Close-Packed Films of Colloidal CdSe Nanocrystals” 
 
Reprinted from:  M. V. Jarosz, N. E. Stott, M. Drndic, N. Y. Morgan, M. A. Kastner, and M. G. 
Bawendi, “Observation of Bimolecular Carrier Recombination Dynamics in Close-Packed Films 
of Colloidal CdSe Nanocrystals,” Journal of Physical Chemistry B, 2003, 107 (46), 12585-12588. 
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Supporting Information 
For “Observation of bimolecular carrier recombination dynamics in close-packed films of colloi-
dal CdSe nanocrystals” 
Authors:  M.V. Jarosz, N. E. Stott, M. Drndic, N. Y. Morgan, M.A. Kastner, and M.G. Bawendi  
 
 
Figure 1S – Optical micrographs of CdSe QD films made with (a) unpurified TOP and no filter-
ing of the QD sample during size selection, (b) purified TOP and no filtering of the QD 
sample during size selection, and (c) purified TOP and filtering of the QD sample during 
size selection as described in [27].  The measured photocurrent of the sample in (c) is 10x 
greater than that in (b) and 100x greater than that in (a). 
 
Figure 2S – Low-resolution TEM image showing the close-packed nature of CdSe QD films.  
This sample of 5.7nm diameter CdSe QDs was prepared in the same way as those meas-
ured in the photoconductivity studies, except that the film was deposited from a more di-
lute solution in order to be visible with TEM. 
 
Figure 3S – High-resolution TEM image of one QD from the same sample of QDs seen in Figure 
2S, confirming the spherical and crystalline nature of the QDs.  
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3 
10 nm
Nathan E. Stott, Ph.D. Dissertation, Massachusetts Institute of Technology, Cambridge, MA 153
Figure 3S 
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Appendix F:  “Selection of Quantum Dot Wavelengths for Biomedi-
cal Assays and Imaging” 
 
Reprinted from:  Y. T. Lim, S. Kim, A. Nakayama, N. E. Stott, M. G. Bawendi, and J. V. Fran-
gioni, “Selection of Quantum Dot Wavelengths for Biomedical Assays and Imaging,” Molecular 
Imaging, 2003, 2(1), 50-64. 
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